Osteosarcoma is the most common primary bone cancer and the third most common cancer in children and adolescents 1 . The current treatment options have not changed over the last three decades and rely on tumor resection and nonspecific combination chemotherapy, resulting in a 5-year survival rate of 0-29% if clinically apparent metastases are present [2] [3] [4] [5] [6] . Although these tumors are rare in humans, with ~900 cases annually, they are highly prevalent in canines, with over 50,000 cases annually, and have seemingly similar genetics 7 . Osteosarcomas are among the most disordered cancers in terms of whole-chromosome and gene copy number changes 8 . Furthermore, changes in gene copy number typically affect such large regions of the genome that it is usually impossible using these data alone to identify specific drivers whose low-level amplification or loss is selected for during tumor development. Although many genes have been proposed as drivers of osteosarcoma, only TP53, RB1, CDKN2A and MYC have been implicated with certainty 9 . Studies that have attempted to identify driver genes using copy number variation (CNV), mRNA expression and methylation data from human tumors have identified a limited number of candidate genes, with little to no overlap among studies, likely owing to the heterogeneity across tumors [10] [11] [12] . These findings suggest that there may be numerous driver genes altered at low frequency in osteosarcoma.
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VOLUME 47 | NUMBER 6 | JUNE 2015 Nature GeNetics A r t i c l e s 119 primary tumors and 43 CIS-associated genes from 19 mice with metastatic disease. Comparative genomics and bioinformatic analyses of CIS-associated genes identified numerous cooperating genes and pathways associated with osteosarcoma development. Moreover, using unique transposon insertion sites as a molecular fingerprint, we were able to perform lineage tracing of metastases and primary tumors. These data indicate that metastasis is a complex phenomenon that does not strictly adhere to a single model of metastatic development.
RESULTS

Mutagenesis can accelerate or induce osteosarcoma
To identify genes involved in osteosarcoma development and metastasis, we generated mice undergoing SB mutagenesis on a wild-type background or a background predisposed to tumor formation (Supplementary Fig. 1a ). Predisposed mice undergoing mutagenesis (Trp53-SBmut) contained the conditional SB system (loxP-STOP-loxP (LSL)-SB11 transposase and a T2/Onc concatemer), the conditional Trp53 R270H allele (LSL-Trp53 R270H ) and Sp7-cre (also known as Osx-cre; expression restricted to committed osteoblast progenitors) ( Supplementary Fig. 1b ) 13, 16, 17 . Mice lacking the complete SB system served as controls (Trp53-C). We also performed mutagenesis in mice that were otherwise wild type (SBmut).
SB mutagenesis accelerated osteosarcomagenesis in Trp53-SBmut mice and increased tumor burden and penetrance (75% versus 59%) in comparison to Trp53-C mice (P < 0.0001 and 0.0159, respectively) ( Fig. 1a,b) . SBmut mice developed osteosarcomas with a longer latency and lower penetrance (24.4%). The majority of osteosarcomas were of the osteoblastic subtype (the most common subtype in humans), as determined on the basis of gross anatomy and histological appearance ( Supplementary Fig. 1c-k) 1 . The site distribution of osteosarcoma development was similar to that in most models of osteosarcoma, with tumors arising in the skull, long bones and vertebrae ( Supplementary  Fig. 1l ) 15 . We confirmed active SB mutagenesis in tumors by multiple methods (Supplementary Fig. 2a-c ). These results demonstrate that SB mutagenesis can induce or accelerate development of the most prevalent subtype of osteosarcoma in humans.
Mutagenesis substitutes for genomic instability
We hypothesized that SB mutagenesis might substitute for alterations normally caused by changes in gene copy number due to Trp53 deficiency. Thus, we analyzed a subset of SB-mutagenized and control tumors by array comparative genomic hybridization (aCGH), spectral karyotyping (SKY) and G banding. All tumors had evidence of genomic instability, although some SBmut tumor cells had nearly perfect karyotypes and few whole-chromosome gains or losses; in contrast, Trp53-C tumors had the most genomic aberrations ( Fig. 1c-e ). These data demonstrate that osteosarcoma development in the context of Trp53 deficiency leads to selection of genomically unstable tumor clones, and this instability likely provides secondary molecular alterations required for tumor progression. In the presence of mutagenesis, the requirement for selection of these events is reduced, presumably because transposon-mediated mutations provide the changes required for tumor progression.
Identification of osteosarcoma driver genes
We analyzed the transposon insertions from 96 Trp53-SBmut and 23 SBmut osteosarcomas to identify CISs. As a disproportionate number of CISs were identified on the chromosome harboring the transposon concatemer ( Supplementary Fig. 2d ), we did not include these CISs in the analyses, although many likely harbor true driver genes, such as Myc and Cdkn2a ( Supplementary  Fig. 2e ,f) 13 . In total, 36 candidate proto-oncogenes and 196 putative tumors-suppressor genes (TSGs) were identified ( Fig. 2a-c and Supplementary Tables 1-3 ). The most commonly mutated genes in Trp53-SBmut tumors were Nf2 (26.0%; P = 2.0 × 10 −38 ), Pten (24.0%; P = 1.82 × 10 −28 ) and Nf1 (18.8%; P = 1.15 × 10 −11 ) ( Fig. 2b and Supplementary Table 1) . Interestingly, Nf2 was not identified as a commonly mutated gene in SBmut tumors, although other top genes from Trp53-SBmut tumors, including Nf1 (26.1%; P = 2.84 × 10 −5 ), Pten (39.1%; P = 1.3 × 10 −10 ) and Eras (39.1%; P = 3.31 × 10 −15 ), were identified in both cohorts ( Fig. 2c and Supplementary Table 2) . Notably, 20 genes previously implicated in osteosarcoma and the Rb1, Caprin1, Myc, Cdkn2a and Akt2 genes with established roles were identified, validating the screen . Lastly, we compared our CIS-associated genes with those identified in three published SB screens to assess the relevance of our genes specifically to osteosarcoma (Fig. 2d) . Interestingly, there was sparse overlap among tumor types, indicating that SB forward genetic screens identify genes that are cancer type specific and not just generally involved in cancer. 
Pathways and upstream regulators of CIS genes
As all but two SBmut CIS-associated genes were also mutated in Trp53-SBmut tumors but not significantly, the gene lists were combined for further investigation ( Supplementary  Fig. 3 ). We used Ingenuity Pathway Analysis (IPA) and the Database for Annotation, Visualization and Integrated Discovery (DAVID) to identify signaling pathways and cellular processes enriched for candidate genes. The top cellular process was the cell cycle (IPA: n = 46 genes, P = 1.21 × 10 −7 to 4.26 × 10 −3 ; DAVID: n = 6 genes, P = 0.015) (Supplementary Tables 4 and 5) . IPA also identified enrichment in cancer-associated pathways (n = 164 genes, P = 6.73 × 10 −8 to 4.26 × 10 −3 ), including phosphoinositide 3-kinase (PI3K)-AKT-mTOR (P = 1.35 × 10 −5 ), ErbB (P = 3.09 × 10 −3 ) and extracellular signalregulated kinase-mitogen-activated protein kinase (ERK-MAPK; P = 6.45 × 10 −3 ) signaling (Supplementary Table 4) . Notably, a large number of CIS-associated genes were common to all three pathways (Fig. 3a) .
IPA also identified enrichment in upstream regulators of CISassociated genes. Interestingly, the top three most significantly enriched upstream regulators were microRNAs (miRNAs) implicated in human osteosarcoma, namely the genes encoding miR-181 (P = 2.18 × 10 −5 ), miR-17-5p (P = 3.42 × 10 −5 ) and miR-26a-5p (P = 3.06 × 10 −7 ) (Fig. 3b and Supplementary Table 4) [40] [41] [42] . The remaining top regulators were MAPK7 (P = 7.64 × 10 −5 ) and WT1 (P = 8.50 × 10 −5 ), both implicated in osteosarcoma as prognostic markers of poor outcome 43, 44 . These data demonstrate that CIS-associated genes are enriched in cancer signaling pathways and cellular processes, and a significant number are regulated by miRNAs and genes implicated in human osteosarcoma.
CIS genes are altered in cancer, including osteosarcoma
We queried the Catalogue of Somatic Mutations in Cancer (COSMIC) to identify CIS-associated genes frequently mutated in human cancer. Over half (57.1%) of the CIS-associated genes were mutated in >250 samples, and 31 genes were mutated in >1,000 samples (P = 2.14 × 10 −20 and 9.24 × 10 −12 , respectively, hypergeometric test) (Supplementary Table 6 ). Moreover, 28 CIS-associated genes are in the Cancer Gene Census (CGC), which curates known cancerrelated genes (P = 1.03 × 10 −11 , hypergeometric test) (Supplementary Table 6 ). To assess the relevance of CIS-associated genes in osteosarcoma gene expression, we queried CNV, structural variation and methylation data from human osteosarcoma samples. We considered only genes having significant changes consistent with their prediction by SB mutagenesis as candidate oncogenes or TSGs. Expression analysis demonstrated that 41 CIS-associated genes were significantly (P < 0.05) up-or downregulated in osteosarcomas in comparison to normal human osteoblasts ( Fig. 4a and Supplementary Table 7) . As promoter hypermethylation is associated with gene silencing and hypomethylation is associated with gene expression, we investigated methylation status. This analysis identified 29 CIS-associated genes with significant (P < 0.05) differential methylation patterns ( Fig. 4b and Supplementary Table 8 ). aCGH analysis identified CISassociated genes with a tendency for CNV gains (n = 16) and losses (n = 32), whereas others were mutated by structural variation (n = 10; NF1, KDM6A and BRD4) ( Fig. 4c and Supplementary Tables 9 and 10). Overall, ~78% of candidate oncogenes and ~34% of candidate TSGs were altered in human osteosarcoma in a manner consistent with SB prediction as an oncogene or TSG in one or more data sets analyzed. These genes included known (RB1 and PTEN) and new (SEMA4D, SEMA6D, GRB10, ZNF217, ZNF592, GAB1 and PICALM) drivers of osteosarcoma. Although numerous CIS-associated genes are altered in human osteosarcoma, the conservation of specific gene alterations across species would increase the chance that these changes drive osteosarcoma.
To complete our cross-species analysis, we queried a well-annotated data set of canine osteosarcoma gene expression, which was previously found to be highly conserved in human osteosarcoma, allowing us to examine the relationship of altered expression of CIS-associated genes with disease outcome 45 . Unsupervised hierarchical clustering of CISassociated genes having appreciable variance in expression among canine samples generated two groups with different survival times (P = 0.05, log-rank test) (Supplementary Fig. 4a,b) . This finding suggests that some CIS-associated genes are coordinately regulated or work cooperatively to establish cell-autonomous traits that mediate tumor behavior and, hence, patient outcomes. The observation that 22 CIS-associated genes independently predict survival in the 
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A r t i c l e s same cohort supports this interpretation (Supplementary Fig. 4c) . Moreover, 7 of these 22 genes are misregulated in a similar fashion in human and SB-mutagenized mouse osteosarcomas (APP, COL5A1, HADHB, LHFP, MEF2A, PAK1 and SEMA6D). These data demonstrate that CIS-associated genes are frequently altered in human osteosarcoma and predict outcome in canine osteosarcoma, supporting the conclusion that they are likely true drivers of osteosarcoma and are highly relevant to the human disease.
Cooperative loss of PTEN and TP53 in osteosarcoma
The most frequently mutated gene in our screen was Pten. The fact that the majority of SB-mutagenized tumors had loss of Trp53 function and the loss of TP53 in many human osteosarcomas strongly suggest that loss of both these genes is a cooperative event driving osteosarcomagenesis 14 . Additionally, copy number loss of PTEN has been observed in >60% of human osteosarcomas, and oncogenic miRNAs implicated in osteosarcoma target PTEN [40] [41] [42] 46 . To validate this cooperation in osteosarcoma and generate a new model genetically relevant to human disease, we combined conditional Pten (loxP-flanked exons 4 and 5) and Trp53 R270H alleles with Sp7-cre mice (Trp53-Pten mice) 40, 46, 47 . Pten loss accelerated osteosarcoma development and slightly increased penetrance in comparison to controls (P < 0.0001, log-rank test) (Fig. 5a ). Tumors in these mice had a gross and histological appearance consistent with osteosarcoma ( Fig. 5b) .
To validate this cooperation in human osteosarcoma, we implemented transcription activator-like effector nucleases (TALENs) to knock out PTEN in an immortalized osteoblast cell line expressing the large T antigen, a known inhibitor of TP53 function. Cells were targeted with either PTEN or control HPRT1 TALENs and assayed for their ability to form colonies in soft agar (Fig. 5c) . A Surveyor nuclease assay demonstrated robust mutation of PTEN (~60%) only when cells were treated with PTEN-targeting TALENs (data not shown), which significantly increased colony formation in soft agar (P < 0.0001; Fig. 5d ). These results demonstrate that losses of Trp53 and Pten cooperate to accelerate osteosarcomagenesis in genetically engineered mice and enhance the transformed phenotype of immortalize osteoblast cells.
Neurofibromin 1 and 2 in osteosarcoma
Nf1 and Nf2 (encoding neurofibromin 1 and 2) were among the most frequently mutated genes in our screen. Interestingly, Nf2 was the top CIS-associated gene in Trp53-SBmut tumors, but no insertions in this gene were found in SBmut tumors (Supplementary Fig. 3 ). Both of these genes have been implicated but never validated as frank drivers of human osteosarcoma. In an attempt to validate NF1 and NF2 in human osteosarcoma, we performed TALEN-mediated knockout in immortalize osteoblast cells and found that NF1 but not NF2 knockout increased colony formation in soft agar (Supplementary Fig. 5 ; NF2 data not shown). Further, reexamination of published data sets demonstrated NF1 copy number losses, mutation by structural variation, hypermethylation and reduced expression in a few human osteosarcoma cell lines and tumors 14, 48 . These data suggest that loss of NF1 is likely functionally important in human osteosarcoma, whereas the role of NF2 remains unclear.
Axon guidance genes in osteosarcoma
Pathway analysis of CIS-associated genes also found an enrichment for genes involved in axon guidance (IPA: n = 12 genes, P = 4.78 × 10 −3 ; DAVID: n = 6 genes, P = 1.74 × 10 −2 ) (Supplementary Tables 4 and 5). Of these genes, Sema4d and Sema6d are strong candidate proto-oncogenes (Fig. 6a) . Fusion mRNA transcripts between the transposon murine stem cell virus (MSCV) promoter and splice donor site were detected in tumors containing insertions, which led to overexpression of Sema4d and Sema6d relative to tumors without insertions (Fig. 6b) . Human osteosarcoma tumors demonstrated upregulation of SEMA4D and SEMA6D transcripts in comparison to normal human osteoblasts (Fig. 6c) . Other CIS-associated genes involved in axon guidance were also significantly differentially expressed (Supplementary Fig. 6 ). Immunohistochemical analysis of SEMA4D and SEMA6D using tissue microarrays confirmed that these proteins are expressed in nearly all human osteosarcomas: these proteins were expressed at high levels (immunohistochemistry score of 3+ on a scale of 0-4) in over half of the tumors tested ( Fig. 6d and Supplementary Table 11 ). SEMA4D and SEMA6D were also expressed at variable levels in human osteosarcoma cell lines (Fig. 6e) . To functionally validate SEMA4D and SEMA6D as proto-oncogenes in human osteosarcoma, we overexpressed the corresponding cDNAs in human osteosarcoma cell lines.
Mapk7 Figure 3 Analysis of CIS-associated genes identifies cooperating mutations, genetic pathways and upstream regulators in osteosarcoma development. (a) Venn diagram depicting the overlapping CIS genes found in three well-known cancer-associated signaling pathways. CIS genes were categorized into specific pathways on the basis of IPA, DAVID, GeneCards and a literature review. (b) Gene module depicting upstream regulators found to be regulating a significant number of CIS-associated genes by IPA (supplementary table 4 ).
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A r t i c l e s SEMA4D and SEMA6D signaling activates MET or ERBB2 and VEGFR2, respectively, which can lead to activation of PI3K-AKTmTOR and MAPK signaling. SEMA4D overexpression increased the levels of phosphorylated AKT and/or ERK in HOS, MG63 and SaOS2 cells, whereas SEMA6D overexpression increased the levels of phosphorylated AKT and/or ERK in HOS and MG63 cells (Fig. 7a and Supplementary  Fig. 7) . To assess the phenotypic changes associated with these observations, we performed soft agar, proliferation and xenograft assays. Overexpression of SEMA4D or SEMA6D significantly increased colony formation in soft agar, proliferation and xenograft formation only in HOS cells (Fig. 7b-e) . Interestingly, HOS was the only cell line with upregulation of both phosphorylated AKT and ERK. For SEMA4D, it is possible that the lack of phenotypic change is due to the expression levels of MET and ERBB2, as the expression of MET relative to ERBB2 can result in a negative or positive effect on tumorigenic properties that is cell type dependent 49 . Confirming this hypothesis, immunoblot analysis demonstrated that HOS cells expressed high MET and low ERBB2 levels in comparison to SaOS2 and MG63 cells, whereas U2OS cells had low levels of both receptors (Fig. 7f) . To assess the effect of loss of function for these genes, we performed short hairpin RNA (shRNA)-mediated knockdown of SEMA4D and SEMA6D; again, only knockdown in HOS cells had the expected effect on soft agar colony formation ( Fig. 7g and Supplementary  Fig. 6 ). These data demonstrate that SEMA4D and SEMA6D are highly expressed in a large fraction of human osteosarcoma tumors and cell lines and, in some contexts, can increase the tumorigenic properties of human osteosarcoma cell lines when overexpressed. In contrast, reduced expression of these genes can inhibit some tumorigenic properties.
Osteosarcoma metastases are clonal and identify CIS genes
In addition to osteosarcomagenesis, 7 of 28 Trp53-C mice (25%) and 19 of 72 Trp53-SBmut mice (26.4%) had metastases in the liver and/or lungs (1-17 metastases per mouse, average of ~6). Metastases had a gross and histological appearance consistent with osteosarcoma metastases and were positive for collagen by Sirius Red staining (Fig. 8a) . We identified transposon insertions for 134 metastases from 19 mutagenized mice, which identified 5 candidate proto-oncogenes and 38 candidate TSGs (Fig. 8b and Supplementary Table 12 ). Some metastasis CIS-associated genes were recurrently mutated in primary tumors; others were unique to metastases (Fig. 8c,d) . The observation that 9 candidate metastasis genes (Pten, Gsk3b, Snap23, Map4k3, Arhgap35 (Grlf1), Arhgef18, Axin1, Raf1 and Ubap2l) have been implicated in metastasis of other cancers supports our conclusion that we have identified genes truly central to osteosarcoma metastasis [50] [51] [52] [53] [54] [55] [56] [57] [58] .
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Human osteosarcoma Human osteoblasts Figure 4 Comparative genomics analysis of CIS-associated genes in osteosarcoma.
(a-c) RNA sequencing, whole-methylome and CNV data from human osteosarcoma samples were queried for alterations in CIS genes (supplementary tables 7-9). Only gene alterations that substantiate SB prediction of candidate oncogenes or TSGs were considered and appear in the presented scatterplots.
(a) Scatterplot depicting CIS genes with significant (P < 0.05) differences in gene expression in human osteosarcomas (n = 12) in comparison to normal human osteoblasts. Genes are ordered on the basis of decreasing fold change in expression for oncogenes followed by TSGs. 
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The metastases for the first group (2/16 mice) shared few insertions with the corresponding primary tumors, suggesting an early metastatic event and supporting the early dissemination or parallel evolution model (Fig. 8e) 61 . The tumors for the second group (8/16 mice) shared many insertions with the metastases, indicating a model of clonal evolution of tumor and metastasis during tumorigenesis (Fig. 8f) 61 . The tumors for the third group (4/16 mice) were not the most common ancestor and did not share as many insertions with the metastases as seen in group 2, suggesting an intermediate model (Fig. 8g) . The remaining mice had two tumors clustering with separate sets of metastases, which fell into different parsimony groups, indicating the presence of two independent metastatic osteosarcomas in a single mouse. In fact, five mice with metastatic disease harbored two tumors each. In some cases, all the metastases clustered with one tumor, and in other cases the metastases and both primary tumors clustered together; the latter situation is likely to be the result of a bone metastasis from the original osteosarcoma ( Supplementary Figs. 8 and 9 , O103 and O399). It is conceivable that these observations are partially due to insertions missed by linker-mediated PCR (LM-PCR); however, previous SB studies analyzing matched tumors and metastases performed extensive PCR analysis of specific insertions and found LM-PCR results to be highly coordinate 60 . These data demonstrate that SB-mutagenized osteosarcoma metastases are highly clonal and do not strictly adhere to a single model of metastasis development. Furthermore, candidate metastasis driver genes were identified.
DISCUSSION
We report a SB forward genetic screen identifying hundreds of significant CIS-associated genes for osteosarcoma. Notably, we identified dozens of genes previously implicated in osteosarcoma and numerous new genes. Candidate genes are frequently altered in human osteosarcoma and are enriched in cancer-associated signaling pathways, including PI3K-AKT-mTOR, ErbB, MAPK and axon guidance signaling. These pathways have previously been implicated in osteosarcoma, but the genes identified in these pathways are likely driving these pathways in human osteosarcoma and represent potential therapeutic targets [62] [63] [64] . Interestingly, we identified a disproportionate number of TSGs relative to oncogenes. This phenomenon has been observed in previous solid tumor SB screens 59, 60, 65, 66 . One possibility is that the MSCV promoter is not highly active in cells expressing Sp7-cre. One study performed whole-body somatic mutagenesis in mice using a strong CAG promoter in place of the MSCV promoter, with the mice developing more solid tumors than in MSCV studies 67 . The fact that T2/Onc has the ability to inactivate genes when inserted in either orientation also likely contributes to this observation. Regardless, we identified previously validated oncogenic drivers (MYC, CAPRIN1 and AKT2) 1, 20, 37 , new candidate oncogenes overexpressed and amplified in osteosarcoma (SEMA4D, ZNF217 and ZNF592) and TSGs underexpressed with copy number loss (LHFP, ENC1 and ENTPD4).
Nf1 and Nf2 were among the most frequently targeted CIS-associated genes in our screen. There have been reports of patients with neurofibromatosis type 1 (NF1) developing primary bone tumors. In addition, a retrospective study found that patients with NF1 had an eightfold higher risk of bone tumors, and whole-genome sequencing of human osteosarcomas found multiple deleterious structural variations in NF1 (refs. 14,68-70). These findings, in combination with our functional data, support a role for NF1 loss in human osteosarcoma. It has been reported that Nf2 loss induces osteosarcoma development in mice and is enhanced by Trp53 deficiency 71 . However, follow-up studies using human osteosarcoma tumors found no alteration in NF2 (ref. 72) . Notably, the osteosarcomas seen in Nf2-null mice were not extensively tested for spontaneous Trp53 loss. The strong cooperation demonstrated with loss of both genes and the chromosomal proximity of these genes in mice suggest that there might be an obligate loss of both or of one allele of each for osteosarcoma formation in mice. The fact that these genes are on separate chromosomes in humans may partially explain why NF2 loss is not seen in human osteosarcoma.
Interestingly, Nf1 and Pten were also identified as top CISassociated genes in our previously published SB screen for peripheral nerve sheath tumors 65 . This observation raises the possibility that these and/or other CIS-associated genes are hotspots for transposon insertion. To investigate this possibility, we compared genes identified in our previous screens with our osteosarcoma CIS-associated genes and found sparse overlap among the four different cancers, indicating that SB mutagenesis identifies cancer type-specific genes and not genes involved in cancer in general. Conversely, there are genes altered in specific human cancers that are not identified by forward genetic screens, demonstrating that there are limitations to screens in mice. For instance, whole-genome sequencing of pediatric osteosarcoma 
Relative absorbance at 490 nm Days after plating O315lung m8 O315lung m9 g found that DLG2 and ATRX were altered in a significant portion of the samples analyzed 14 . Dlg2 was not significantly mutated in our screen, although many tumors harbored an inactivating insertion (n = 8 Trp53-SBmut and 3 SBmut tumors); the lack of significance is likely due to our stringent CIS calling. Virtually no insertions were identified in Atrx, which could be attributed to a species-specific difference, as ATRX is involved in telomere maintenance and telomere length is seemingly less critical in mouse models of cancer 73 . These data demonstrate that not all human cancer-related genes are readily identifiable through forward genetic screens in mice.
One of the new pathways identified by our screen was axon guidance, with the SEMA4D and SEMA6D components investigated. SEMA4D has been implicated in other cancers, including soft tissue sarcoma (STS), pancreatic cancer and glioma 74 . Less is known about SEMA6D, although it reportedly signals through PLXNA1 and its co-receptor, KDR (VEGFR2), and has been implicated in mesothelioma 74, 75 . In normal bone homeostasis, osteoclasts express npg high levels of Sema4d, whereas osteoblasts do not express Sema4d but instead express its cognate receptor and co-receptor, Plxnb1 and Erbb2, respectively 76 . Thus, it is possible that osteoblasts misexpressing SEMA4D and MET might give rise to a subset of osteosarcomas. Similarly, the tumorigenic properties induced by overexpression of SEMA4D in human osteosarcoma cells were dependent on MET and ERBB2 levels, which has been reported 49 . Previous studies in osteosarcoma showed that high levels of ERBB2 are associated with a good outcome and that overexpression of MET can directly transform osteoblasts into osteosarcomas 77, 78 . Perhaps analogous mechanisms regulating SEMA6D signaling exist or unrecognized crosstalk between SEMA4D and SEMA6D signaling occurs. Finally, the fact that SEMA4D and SEMA6D are cell surface receptors makes them attractive candidates for novel therapies. In fact, antibody therapy targeting SEMA4D was shown to reduce tumor growth in a xenograft model of STS when combined with antibody therapy for VEGF 79 . Currently, there is a fully humanized antibody targeting SEMA4D in phase I clinical trials for other solid tumors, perhaps allowing for an expedited trial in human patients with osteosarcoma (VX15, Vaccinex). Thus, it is possible that osteosarcomas expressing high levels of MET and SEMA4D, with low ERBB2 levels, may be susceptible to SEMA4D antibody therapy. Preclinical testing of XV15 antibody using human osteosarcoma tumor or cell line xenografts with this profile will need to be performed to assess the potential of this novel targeted therapy in osteosarcoma.
A subset of mutagenized mice also developed macroscopic metastases. Analysis of the CIS-associated genes from metastases showed that some genes are unique to metastases, whereas others are mutated in both primary tumors and metastases. This observation is consistent with the human disease, where metastasis-specific genes have been termed metastasis virulence genes, that is, genes only expressed after seeding of distal organs to initiate metastasis progression 80 . The genes shared by metastases and primary tumors have been proposed to be mediators of metastatic activities, such as angiogenesis, invasiveness and cell mobility 80 . These genes support tumor development via one effect and exhibit another effect at distant metastases. This hypothesis suggests that our metastasis CIS-associated genes likely consist of both gene types, whereas the genes identified in primary tumors are potentially mediators of metastatic activities. It is possible that if more mice with metastatic disease were generated that the mediators of metastatic activities identified in our primary tumors would also be identified in metastases. As osteosarcoma metastasis is the most prominent feature of poor outcome, validating metastasis-associated genes and developing new therapeutics to target them may be the most effective method to develop successful treatments to increase patient survival.
Overall, functional genomics using SB mutagenesis identified candidate osteosarcoma-related genes with functional relevance in human osteosarcoma that predict outcome in canine osteosarcoma and are capable of accelerating osteosarcomagenesis in mice. In addition, we generated a new mouse model of osteosarcoma and validated the involvement of axon guidance-related genes in human osteosarcoma. Further testing of candidate driver genes in development and metastasis may lead to the identification of new pathways or critical targets for novel osteosarcoma treatments. 
ONLINE METhODS
Mice. All mouse work was carried out under University of Minnesota Institutional Animal Care and Use Committee guidelines. All mouse strains used in this study have been previously described 13, 16, 17, 47 . Because of the use of many transgenes, experimental and control mice were on a mixed genetic background. The two concatemer lines used had concatemers located on chromosomes 4 and 15 harboring ~300 and ~25 copies of T2/Onc, respectively; equal numbers of mice were generated for the chromosome 4 and 15 lines. The Trp53 R270H allele was chosen over the Trp53 R172H allele, as its analogous substitution is more prevalent in human osteosarcoma (5.1% versus 3.4%; International Agency for Research on Cancer (IARC) TP53 Database), and the dominant-negative Trp53 allele was chosen over the traditional loxP-flanked allele to reduce the number of transgenes needed to achieve impaired Trp53 function 81 . Mice were aged until tumors developed or until moribund. Upon necropsy, tumors were divided into three portions, with one portion each snap frozen for DNA extraction, fixed in 10% formalin for histological analysis and snap frozen in RNAlater (Sigma) for RNA extraction. Pathological analysis and tumor classification were performed at the US National Institutes of Health/National Cancer Institute. Osteosarcoma-free survival graphs were generated using the Prism statistical software package.
CIS analysis. CIS analysis of T2/Onc insertion sites was performed using TAPDANCE and gene-centric software, as previously described 65, 82, 83 . Because of the 'local hopping' phenomenon in SB transposition and in accordance with all previously published SB models, CIS-associated genes identified on the chromosome with the transposon concatemer were removed from all core analyses, although they are listed in Supplementary Table 3 . CIS-associated genes were considered proto-oncogenes if all insertions were upstream or in early introns of the gene with the transposon's MSCV promoter and splice donor site in the same orientation as the ORF, driving overexpression. Conversely, candidate TSGs had an insertion profile lacking bias for the orientation of the MSCV promoter or the location of the insertion within the gene and disrupted gene transcription by virtue of the transposon's splice acceptor and polyadenylation signals (Supplementary Tables 1-3) . Because of the high clonality of the metastases, the insertion sites of all metastases in a single mouse were collapsed to represent a distinct sample for TAPDANCE and gCIS analyses.
Vector construction. PB/SB-CAG-GOI-GFP-PGK-PURO-based overexpression vectors were generated with the LR Clonase Gateway cloning system (Invitrogen) using cDNAs in Entry vectors with the previously described PB/SB-CAG-DEST-GFP-PGK-PURO vector, following the manufacturer's instructions 65 . SEMA4D and SEMA6D cDNAs were purchased from Open Biosystems and cloned into the Gateway system by standard PCR and BP Clonase reaction (Invitrogen), following the manufacturer's instructions.
Cell culture and electroporation. HOS, U2OS, MG63 and SaOS2 cells were acquired from the American Type Culture Collection (ATCC). HOS and MG63 cells were maintained in EMEM medium supplemented with 10% FBS and 1% penicillin-streptomycin. U2OS and SaOS2 cells were maintained in McCoy's 5A medium supplemented with 10% FBS and 1% penicillin-streptomycin. Immortalized human osteoblast cells were maintained in OGM BulletKit medium (Lonza) with 500 ng/µl puromycin and 100 ng/µl neomycin. These cells were generated by transducing human osteoblasts (human mesenchymal stem cells were purchased from Lonza and differentiated into osteoblasts) with cDNA for human TERT and SV40 large T antigen (data not shown). Electroporation was carried out using the NEON transfection system (Invitrogen), following the manufacturer's protocol. Stable lines were generated by electroporation with 2 µg of PB7 transposase and 2 µg of transposon plasmid. Cell lines were tested for mycoplasma using the Lonza kit. All lines were negative.
Canine osteosarcoma analysis. CIS-associated genes were evaluated against survival in a set of 27 canine osteosarcoma cell lines established from canine patients with a known outcome (overall survival time), with their expression evaluated on the Affymetrix Canine Genome 2.0 Array. The 186 CIS genes identified in primary tumors that were present on the canine platform were filtered for the most differentially expressed genes in the canine samples by setting the coefficient of variance to 0.5. Unsupervised hierarchical clustering of the canine samples on the basis of 48 differentially expressed genes was performed as previously described 45 . Genedata Analyst was used for KaplanMeier survival analysis.
To establish whether loss or gain of expression for individual CIS genes correlated with a poor outcome in canine patients, we first determined the mean gene expression values for each of the CIS genes. The canine samples were then grouped according to their gene expression relative to the mean expression for each CIS gene (samples with gene expression above the mean were designated as having 'high' expression, whereas samples with gene expression below the mean were designated as having 'low' expression). Genedata Analyst was used for Kaplan-Meier survival analysis of the canine patient groups with high and low expression. Log-rank Mantel-Cox P values of <0.05 were considered significant.
Genotyping and quantitative RT-PCR analysis.
Upon weaning of the mice, a small portion of the tail (~0.5 cm) was collected, and DNA was extracted using standard phenol:chloroform:isoamyl alcohol extraction after overnight digestion in SDS extraction buffer containing proteinase K as described 84 . The sequences for the genotyping primers can be found in Supplementary  Table 13 . PCR was performed using 1.1× ReddyMix (Thermo Scientific) with an initial denaturation step at 95 °C for 2 min; 35 cycles of denaturing at 95 °C for 25 s, annealing at 55 °C for 35 s and extension at 72 °C for 1.5 min; and a final extension step at 72 °C for 5 min. PCR amplicons were resolved on 1% agarose gels and analyzed for the presence of the transgenes. RNA was extracted from cell culture pellets using the RNA Mini kit (Invitrogen) and reverse transcribed into cDNA using the SuperScript III reverse-transcriptase kit (Invitrogen), following the manufacturer's instructions. Quantitative RT-PCR was performed using FastStart Universal SYBR Green Master (Rox) mix (Roche) on an Eppendorf Realplex 2 MasterCycler EP Gradient S. Primer sequences are listed in Supplementary Table 13. aCGH, SKY and G banding. aCGH, SKY and G-banding analyses were performed by the University of Minnesota's Cytogenomics Laboratory. For aCGH analysis, mouse tumor DNA was digested by restriction enzyme and labeled with the Cy5 fluorochrome using random primers and exo Klenow fragment DNA polymerase. Control tail DNA from the same mouse was concurrently labeled with Cy3. The sample and control DNA were combined, and aCGH was performed with a microarray constructed by Agilent Technologies that contains approximately 170,000 distinct biological oligonucleotides spaced at an average interval of 10.9 kb. The ratio of sample to control DNA for each oligonucleotide was calculated using Feature Extraction software 10.5 (Agilent Technologies). The abnormal threshold was applied using Genomics Workbench 7.0 (Agilent Technologies). A combination of several statistical algorithms was applied. A minimum of three oligonucleotides with a minimum absolute ratio of 0.1 (based on the log 2 ratio) was required for a copy number loss or gain to be reported. SB excision assays. SB excision assays were performed as previously described 85 .
Linker-mediated PCR. LM-PCR was performed as previously described 65 . Briefly, genomic DNA was extracted from tumor samples by standard phenol: chloroform:isoamyl alcohol extraction. DNA (100 ng) was digested with BfaI and Nlalll separately to clone regions adjacent to the left and right sides of the transposon, respectively. After overnight digestion at 37 °C, reactions were heat inactivated at 80 °C for 20 min. Linkers for the left and right sides were then prepared by annealing sense and antisense primers (sequences are listed in Supplementary Table 13 ). The prepared linkers were then ligated overnight at 16 °C to genomic DNA digested with the corresponding restriction enzyme. Ligated DNA was purified using Qiagen MinElute 96 UF Plates, following the manufacturer's instructions. The purified DNA was digested with BamHI overnight at 37 °C to remove any transposons still in the T2/Onc concatemer array. The BamHI-digested DNA was purified using Qiagen MinElute 96 UF Plates, following the manufacturer's instructions. Primary PCR was performed using 2× ReddyMix with an annealing temperature of 55 °C for 30 cycles (primer sequences are listed in Supplementary Table 13 ). The primary PCR reaction npg
